The human cytomegalovirus (HCMV) virion protein pUL83 (also termed pp65) inhibits the expression of interferon-inducible cellular genes. In this work we demonstrate that pUL83 is also important for efficient induction of transcription from the viral major immediate-early promoter. Infection with a mutant virus containing a premature translation termination codon in the UL83 open reading frame (ORF) (UL83Stop) resulted in decreased transcription from the major immediate-early promoter in a time-and multiplicitydependent manner. Expression of pUL83 alone is capable of transactivating the promoter in a reporter assay, and pUL83 associates with the promoter in infected cells. To investigate the mechanism by which the protein regulates the major immediate-early promoter, we utilized a mutant virus expressing an epitope-tagged pUL83 from its own promoter to identify protein binding partners for pUL83 during infection. We identified and confirmed the interaction of pUL83 with cellular IFI16 family members throughout the course of HCMV infection. pUL83 recruits IFI16 to the major immediate-early promoter, and IFI16 binding at the promoter is dependent upon the presence of pUL83.
The human cytomegalovirus (HCMV) virion protein pUL83 (also termed pp65) inhibits the expression of interferon-inducible cellular genes. In this work we demonstrate that pUL83 is also important for efficient induction of transcription from the viral major immediate-early promoter. Infection with a mutant virus containing a premature translation termination codon in the UL83 open reading frame (ORF) (UL83Stop) resulted in decreased transcription from the major immediate-early promoter in a time-and multiplicitydependent manner. Expression of pUL83 alone is capable of transactivating the promoter in a reporter assay, and pUL83 associates with the promoter in infected cells. To investigate the mechanism by which the protein regulates the major immediate-early promoter, we utilized a mutant virus expressing an epitope-tagged pUL83 from its own promoter to identify protein binding partners for pUL83 during infection. We identified and confirmed the interaction of pUL83 with cellular IFI16 family members throughout the course of HCMV infection. pUL83 recruits IFI16 to the major immediate-early promoter, and IFI16 binding at the promoter is dependent upon the presence of pUL83.
Consistent with the results obtained with the UL83Stop virus, infection of IFI16 knockdown cells with wild-type virus resulted in decreased levels of immediate-early transcripts compared to those of control cells. These data identify a previously unknown role for pUL83 in the initiation of the human cytomegalovirus gene expression cascade.
Viral infection is marked by a race between the competing interests of the virus and the host cell. Efficient initiation of viral gene expression is critical to circumvent host defenses aimed at blocking viral gene expression. Human cytomegalovirus (HCMV), a betaherpesvirus encoding nearly 200 predicted proteins (57, 59) , has evolved multiple means to evade the initial host cell response to infection. The first viral proteins expressed, the immediate-early proteins, play an important role in this process. Immediate-early proteins are detected in fibroblasts within 4 h of infection and thus are available to function at very early stages in the viral life cycle to block antiviral signaling events. For example, the IE1 protein binds to and inhibits STAT1 and STAT2 (64) , two host cell proteins critical for the activation of interferon-inducible gene expression; and IE2 has also been implicated in regulation of transcription of antiviral genes (80) . pTRS1 blocks the activation of protein kinase R (PKR), an important regulator of protein translation in response to innate immune signals (16, 33, 54, 85) , and pUS3 inhibits antigen presentation by infected cells by sequestering and degrading the major histocompatibility complex (MHC) class I heavy-chain complex (39, 48, 55) .
In addition to their role in subverting the host response to viral infection, immediate-early proteins are critical for the induction of viral gene expression. IE1 binds to and inhibits histone deacetylases (HDACs) to ensure a chromatin structure on viral genomes (60) that is conducive to transcription. IE2 binds to HDACs (60) and is a broad-acting transcriptional activator, increasing transcription from the promoters of HCMV early genes as well as cellular promoters (5, 38, 51, 60, 65, 66, 83) . pTRS1 regulates viral gene transcription by increasing the activity of the major immediate-early promoter (MIEP) (71) . Thus, immediate-early proteins block the cellular innate immune response, and they also play crucial roles in regulating the progression of the HCMV lytic cycle.
While the immediate-early proteins regulate functions that block the antiviral response of the infected cell, the cellular response to infection begins prior to the onset of their synthesis. Binding of HCMV glycoproteins to receptors on the surface of the cell is sufficient to activate the innate immune response (23, 75, 88) . In fact, glycoprotein B (gB) alone can induce activation of the Toll-like receptor (TLR) signaling pathway within minutes of binding the plasma membrane (8, 10, 23) . In order to effectively counter this response and facilitate viral gene expression, HCMV packages virus-coded proteins into its virions that block the activation of the cellular innate immune response.
One such HCMV protein, pUL83 (also termed pp65), is the most abundant component of the tegument domain of HCMV particles (7, 31) . It is also the primary component of dense bodies, which are noninfectious particles produced by HCMVinfected cells (7, 37) . Infection with a virus lacking the UL83 open reading frame (ORF) results in increased expression of interferon-responsive genes (1, 12) . Expression of pUL83 alone is sufficient to reduce the expression of interferon-responsive genes in uninfected cells. The mechanism by which pUL83 blocks transcription of these genes appears to be multifaceted, involving regulation of both interferon response factor 3 (IRF3) (1) and the NF-B subunit p65 (12) . An additional role for pUL83 has been described for natural killer cells, in which it blocks the function of the NKp30 protein to inhibit natural-killer cell cytotoxicity (49) .
While the contribution of pUL83 to subversion of the host immune response is well established, its potential impact on viral gene expression has not been examined. In this work we describe a role for pUL83 in the efficient and timely expression of the HCMV immediate-early gene products IE1 and IE2. Consistent with its effect on immediate-early gene expression within infected cells, pUL83 can directly activate the HCMV MIEP in transfection assays. To investigate the mechanism by which the virion protein influences gene expression, we identified protein binding partners for pUL83 in the context of HCMV infection and show that one of them, IFI16, is involved in the control of immediate-early gene transcription by pUL83. These results identify a role for pUL83 and IFI16 in the activation of immediate-early gene expression and viral growth and lead us to speculate that pUL83 may coopt the cellular protein IFI16 to simultaneously block the host cell interferon response and induce viral protein expression.
MATERIALS AND METHODS
Cells, viruses, and reagents. Primary human foreskin fibroblasts (HFFs) were cultured in medium containing 10% newborn calf serum and used between passages 5 and 15 for all infections. IFI16 knockdown cells were generated by transduction of MRC5 fibroblasts with a lentivirus expressing a short hairpin RNA (shRNA) specific to IFI16. Briefly, the sequence (5Ј-GCUGGUCCUAA CCAAACGU-3Ј) (30) was cloned into the pH1P shRNA cassette, a lentiviral vector was constructed by inserting the H1P cassette into the PacI site of pFUGW, and a lentivirus stock was produced by cotransfecting pFUGW with the ⌬8.9 HIV-1 packaging vector and the vesicular stomatitis virus envelope glycoprotein (VSVG) into 293T cells (50) . Transduced cells were selected by incubation with puromycin for 7 days prior to confirmation of knockdown by Western blotting. Cells were used within four passages of transduction.
The laboratory-adapted HCMV strain AD169 containing green fluorescent protein (GFP) inserted in the UL21.5 locus (ADsubUL21GFP) (82) or AD169 derived from a bacterial artificial chromosome (BAC) clone (BADwt) (86) was used as the wild-type virus. The UL83STOP virus (81) was generously provided by Wade Bresnahan (University of Minnesota). Cells were infected in a minimal volume of medium with 10% newborn calf serum. After 1 h the inoculum was removed and replaced with fresh medium containing serum. Cells were harvested by scraping them into medium and washing them once in phosphatebuffered saline (PBS). Cell pellets were frozen at Ϫ80°C until used.
Linear recombination in Escherichia coli was used as described previously (58) to generate BADinUL83TAP, a derivative of the HCMV AD169 strain that expresses a pUL83TAP fusion protein. Briefly, a PCR was used to generate a targeting cassette for recombination. The template for amplification contained a tandem affinity purification (TAP) tag followed by a kanamycin cassette flanked by Frt sites or a similar plasmid in which the TAP tag was replaced with a GFP cassette. The primers used for PCR were as follows: 5Ј TCGTGTACACGGCC GGGGAGGGCGACGTGGTACAGATGGTGGTCGTGGTCGCCGGAAG AAGATGGAAAAAG 3Ј and 5Ј ACTACAAAAAAAAAAGCTGAACATGG TCATCTAGCAGCAAAGTTCTCCTTCGTCGTGGAATGCCTTCG 3Ј. The underlined nucleotides correspond to the viral sequence at the 3Ј end of the UL83 ORF. The same primers were used for the generation of both the BADinUL83TAP and BADinUL83GFP constructs. The PCR product was transformed into recombination-competent DY380 E. coli, and chloramphenicol-plus kanamycin-resistant bacteria were selected. Chloramphenicol resistance was provided by the AD169 BAC backbone. BAC DNA was purified from drug-resistant colonies and checked for gross rearrangement by restriction digest. Recombinant BAC DNA was transformed into DH10B to prevent spurious recombination that could occur in the DY380 strain. DH10B cells containing the pUL83 fusions were transformed with a temperature-sensitive plasmid expressing Flp recombinase to remove the KanR gene from the targeting cassette. Following removal of the Flp expression plasmid by culture at the nonpermissive temperature, bacteria were screened for loss of kanamycin resistance, retention of chloramphenicol resistance, and sensitivity to ampicillin (to ensure that the Flp expression plasmid was removed). BAC DNA was purified and checked again for genomic integrity by restriction digest. BADinUL83TAP BAC DNA was transfected into HFFs to generate stocks of BADinUL83TAP, which grew indistinguishably from wildtype AD169 virus. BADinUL83GFP virus stocks were generated in the same manner as that described for BADinUL83TAP. Universal type I interferon was purchased from Sigma Aldrich.
ChIP analysis of MIEP binding proteins. Chromatin immunoprecipitation (ChIP) was performed as described previously (26) . HFFs were infected at a multiplicity of infection of 3 PFU/cell. DNA-protein complexes were cross-linked with 1% formaldehyde for 10 min, and the reaction was then quenched by the addition of glycine. Cells were resuspended in lysis buffer (10 mM Tris-HCl [pH 8 .0], 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate, 0.5% N-lauroylsarcosine, protease inhibitors) and then sonicated to fragment DNA. The number of viral genomes per sample was determined by quantitative PCR (qPCR), and equal genomes per sample were diluted in dilution buffer (0.01% sodium dodecyl sulfate [SDS], 1.1% Triton X-100, 1.2 mM EDTA, 16. Following the final wash, the immune complexes were eluted with 1% SDS and 100 mM NaHCO 3 , and the eluted DNA-protein complexes were precipitated with ethanol. Cross-links were reversed by the addition of NaCl (200 mM) and incubation at 65°C for 5 h. Proteins were digested with proteinase K, and the DNA was purified by using QIAquick spin columns. DNA from the MIEP was detected by using primers (5Ј-AACAGCGTGGATGGCGTCTCC-3Ј and 5Ј-G GCACCAAAATCAACGGGACTTT-3Ј), and the UL69 region was detected using primers (5Ј-CTCGTCGTGTGACAGCAGGATG-3Ј and 5Ј-GAACTAC AGCAACTCAGCCGTTTGA-3Ј). DNA was quantified using Power SYBR green PCR Master Mix (Applied Biosciences) on a 7800HT sequence detector system (Applied Biosystems).
Analysis of pUL83 binding proteins by mass spectrometry. Infected cells were prepared for analysis as described previously (56) . Briefly, cells were washed with PBS, harvested in PBS by scraping with a rubber policeman, collected by centrifugation at 3,000 rpm for 10 min, 4°C, and frozen in liquid nitrogen, as described previously (25) . Cryogenic cell lysis was performed using a Retsch MM 301 mixer mill (Retsch, Newtown, PA) and homogenized in lysis buffer as described previously (25) . Several buffers were tested to obtain an efficient protein extraction and maintain viral-host protein interactions, and the lysis buffer selected as optimal was 20 mM K-HEPES (pH 7.4), 110 mM KOAc, 2 mM MgCl 2 , 0.1% Tween-20, 1% Triton, 0.25 M NaCl, 1:100 (vol/vol) protease inhibitor mixture (20 mg/ml phenylmethylsulfonyl fluoride (PMSF) plus 0.4 mg/ml pepstatin A), and 1:200 (vol/vol) protease inhibitor cocktail (Sigma). M-270 epoxy Dynabeads (Dynal, NY) were coupled to IgG (MP Biomedicals, Solon, OH) or to custom-developed rabbit polyclonal anti-GFP antibodies, as previously described (25) . Immunoaffinity purifications were performed via the PrA or GFP tags by using 1-h incubations of the cellular lysate with the conjugated magnetic beads. Isolated proteins were resolved by SDS-PAGE on 4 to 12% NuPAGE Novex Bis-Tris precast one-dimensional gel electrophoresis (1-DE) gel (Invitrogen) according to the manufacturer's specifications and stained with Coomassie blue stain (Pierce, Rockford, IL). Each entire gel lane was cut into 33-by 1-mm slices, and proteins were digested with trypsin (Promega, WI). The resulting peptides were extracted on reverse-phase resin (Poros 20 R2; Per-7804 CRISTEA ET AL. J. VIROL. Septive Biosystems) as described previously (25) and subjected to matrix-assisted laser desorption ionization (MALDI) mass spectrometric (MS) analysis. The proteins isolated with pUL83TAP at 48 h postinfection (hpi) were analyzed by MS using a MALDI QqToF instrument (QqTOF Centaur; Sciex) and by tandem MS (MS/MS) using a MALDI ion trap (LCQ Deca XP Plus; Finnigan) (45, 46) . The proteins isolated with pUL83GFP at 72 hpi were analyzed using a MALDI LTQ Orbitrap (Thermo, Bremen, Germany) as described previously (52) . An XProteo computer algorithm was used to correlate the MS and MS/MS data with the National Center for Biotechnology Information nonredundant protein database, version 06/10/16, for Homo sapiens (152,010 sequences) and viruses (346,953 sequences). The parameters used for the database searching were previously described (52) . Due to the reduced number of coisolated proteins, we manually inspected the MS/MS spectra and validated the peptide sequences of the candidate proteins. Only proteins that were confirmed by MS/MS analyses of at least two peptides were considered present. Transfections and luciferase assay. Cells were transfected using the Fugene 6 reagent (Roche) and the indicated plasmids. The MEIP-luciferase reporter construct was transfected using 0.5 g/well of a six-well dish, while the amount of pUL83 expression vector (pCVS-pp65) was varied as described. The total amount of DNA in each transfection was kept constant by adding empty vector DNA. At 48 h posttransfection cells were lysed with 200 l of passive lysis buffer (Promega), and supernatants clarified by centrifugation. Following the addition of luciferase assay reagent (Promega), relative light units were measured on a luminometer.
RNA and protein analysis. For analysis of RNA by quantitative reverse transcription-PCR (qRT-PCR), total RNA was isolated using Trizol reagent (Invitrogen) according to the manufacturer's instructions, and contaminating DNA was removed using DNA-free reagents (Ambion). Relative quantitation was accomplished through a two-step qRT-PCR as previously described (82) . Briefly, cDNA was synthesized with Superscript reverse transcription reagents and random hexamers according to the manufacturer's instructions. Real-time PCR was completed with SYBR green PCR Master Mix (Applied Biosystems) using primers to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (5Ј-CTGTTGCT GTAGCCAAATTCGT-3Ј and 5Ј-ACCCACTCCTCCACCTTTGAC-3Ј) or UL122 (5Ј-ATGGTTTTGCAGGCTTTGATG-3Ј and 5Ј-ACCTGCCCTTCAC GATTCC-3Ј).
For immunofluorescent analysis, fibroblasts were grown on sterile glass coverslips in six-well plates to confluence. Cells were then infected with HCMV at a multiplicity of 0.1 PFU/cell. Following infection, cells were washed in PBS, fixed for 15 min in 2% paraformaldehyde, and permeabilized for 15 min in 0.1% Triton X-100. After washing with PBS-T (PBS plus 0.2% Tween 20), the cells were incubated for 30 min in PBS-T containing 2% bovine serum albumin (BSA) and incubated with either a mouse or rabbit primary antibody in PBS blocking buffer for 1 h at room temperature. After further washing with PBS-T, slides were incubated for 30 min at room temperature with either goat anti-mouse or goat-anti rabbit immunoglobulin Alexa 488, 546, or 633 (Molecular Probes). The second antibody was supplemented with 4Ј,6Ј-diamidino-2-phenylindole dihydrochloride (DAPI; Molecular Probes). Cells were washed with PBS-T, mounted with Slow Fade (Molecular Probes), and viewed using Zeiss LSM510 for laser scanning microscopy.
For immunoprecipitation experiments, frozen cell pellets were resuspended in 1 ml RIPA buffer (Tris-HCl, 50 mM, pH 7.4; 1% NP-40; 0.25% Na-deoxycholate; 150 mM NaCl; 1 mM EDTA; complete mini-EDTA-free protease inhibitors [Roche]). Lysates were sonicated and incubated on ice for 30 min, with vortexing for 5 s every 5 min. Insoluble material was pelleted by centrifugation at 14,000 rpm for 5 min at 4°C. Lysates were precleared for 30 min with protein A/G Sepharose (Santa Cruz) with rotation at 4°C. Antibodies were added, and the sample was incubated for 1 h at 4°C with rotation. Protein A/G Sepharose in RIPA buffer was added, and the sample was incubated for an additional 1 h at 4°C, with rotations. The Sepharose was pelleted and washed five times with RIPA buffer. Following the final wash, residual buffer was removed, the Sepharose was resuspended in sample buffer and boiled at 100°C for 5 min, and insoluble material was pelleted by spinning for 3 min at room temperature at 14,000 rpm. Samples were resolved on 10% SDS-PAGE gels, and protein binding was assessed by Western blotting.
For Western blotting the following antibodies were used: anti-UL83 (8F5) (62), anti-IE1 (clone 1B12) (89), anti-IE2 (clone 3A9) (60), anti-tubulin (Sigma; T6199), mouse anti-IFI16 (Santa Cruz; C-20), and goat anti-IFI16 (Santa Cruz). Antibodies were used at the dilution indicated by the manufacturer. Western blotting with rabbit polyclonal antibodies was performed in 1ϫ TBST (1ϫ TBS, 0.1% Tween 20) with 5% BSA overnight at 4°C, with rocking. Western blotting with mouse monoclonal antibodies was performed in 1ϫ TBST with 1% BSA for 1 h at room temperature. Appropriate secondary antibody was used at a 1:5,000 dilution in 1ϫ TBST plus 1% BSA for 1 h at room temperature. Blots were visualized using ECL reagent (Amersham). Unless otherwise noted, 30 g of protein was loaded per lane for Western blots.
RESULTS
pUL83 is required for normal viral growth after infection at a low input multiplicity. A previous report (81) has shown that an HCMV deletion mutant lacking the UL83 open reading frame (ORF) accumulates reduced levels of the UL123-coded IE1, UL122-coded IE2, and pUL82 proteins, whereas a mutant virus termed UL83Stop, with 10 singlebase-pair substitutions generating stop codons near the start of the UL83 ORF, accumulated normal amounts of all three proteins. The authors proposed that the different phenotypes for the two pUL83-deficient viruses could result from an inhibitory effect of the UL83 deletion on expression of the UL82 ORF, because the two ORFs reside on the same bicistronic mRNA (72) . Reduced expression of pUL82 would then impact expression of the immediate-early RNAs, because pUL82 helps to activate immediate-early RNA accumulation (11) . These experiments were performed at a multiplicity of 5 PFU/cell, and consistent with the earlier report (81), we observed normal accumulation of representative immediate-early, early, and late viral proteins after infection of fibroblasts with UL83Stop at this relatively high input multiplicity (Fig. 1A) . However, the mutant virus displayed delayed growth kinetics after infection at a multiplicity of infection of 0.05 PFU/cell (Fig. 1B) , indicating that UL83Stop exhibits a multiplicity-dependent growth defect. The UL83Stop virus reproducibly exhibited an ϳ10-fold reduced yield between days 6 and 10 after infection at the lower input multiplicity. In experiments in which virus growth was monitored for an extended period, the mutant virus initially exhibited a growth defect and then either partially or completely matched the wild-type yield between days 12 to 15 postinfection (data not shown). A reduction in the accumulation of the IE1 protein was also observed after infection at this low input multiplicity (Fig. 1C) . At 4 days postinfection, fibroblasts infected with the UL83Stop virus exhibited a 60% reduction in the level of the IE1 protein compared to wild-type virus infection. UL83Stop virions contained levels of pUL82 similar to those of wild-type virions (Fig. 1D) , ruling out the possibility that the mutation in the UL83 ORF influenced expression of the adjacent UL82 ORF or that a lack of pUL83 affected incorporation of pUL82 into the virion.
To investigate this multiplicity-dependent effect during a single cycle of replication, we compared expression of the IE1 and IE2 proteins following infection with UL83Stop and its wild-type parent at a multiplicity of 1 versus 5 PFU/cell ( Fig.  2A) . At the higher multiplicity, the two viruses accumulated similar levels of the IE1 and IE2 proteins at both 6 and 24 hpi. However, the mutant generated less IE1 and IE2 than the wild-type virus at 6 h after infection at the lower multiplicity. The aberrant protein accumulation was reflected at the RNA level (Fig. 2B) . qRT-PCR demonstrated that UL83Stop accumulated 5-fold less UL122-specific RNA than wild-type virus at 6 h after infection at a multiplicity of 1 PFU/cell. Also consistent with the protein expression levels, similar accumu-VOL. 84, 2010 pUL83 STIMULATES HCMV TRANSCRIPTION 7805
lations of the UL122 transcript were observed following infection with either virus at the higher multiplicity. Together these results suggest that the delayed replication of the UL83Stop virus is the result of delayed accumulation of immediate-early transcripts and that the requirement for pUL83 can be overcome by increasing the multiplicity of infection. pUL83 activates the MIEP. A UL83-deficient deletion mutant has been shown to deliver reduced amounts of pUL82 to infected cells (81) , and reduced pUL82 levels might then impact immediate-early gene expression in this variant. In contrast, UL83Stop-infected fibroblasts contain normal levels of pUL82 (Fig. 1A) (81) , and UL83Stop virions contain a normal amount of pUL82 (Fig. 1D ), demonstrating that a pUL82 deficiency is not responsible for reduced expression of immediately-early genes. However, pUL83-deficient virus particles have recently been shown to lack additional tegument proteins (20) . Therefore, rather than monitor the levels of multiple virion proteins in UL83Stop particles, we tested whether pUL83 exerts a direct effect on the activity of the MIEP (Fig.  2C ). U2OS cells were transfected with a reporter construct containing the MIEP, driving expression of the luciferase gene together with increasing amounts of a pUL83 expression construct. Expression of the MIEP reporter gene was increased in the presence of pUL83 in a dose-responsive manner, reaching an 8-fold induction at the highest dose tested. This experiment demonstrates that pUL83 alone is sufficient to induce the activity of an MIEP reporter. pUL83 interacts with IFI16. The ability of pUL83 to modulate the MIEP reporter construct outside the context of an infection demonstrated that the induction was dependent on the interaction of the viral protein with cellular, rather than viral, processes. To identify cellular factors important for this functional role, we searched for pUL83 binding partners within infected fibroblasts by using a mass spectrometry-based approach. Two mutant viruses, BADinUL83TAP and BADinUL83GFP, in which a sequence encoding a tandem affinity purification tag (TAP tag) or the GFP coding sequence was fused to the 3Ј end of the UL83 ORF (Fig. 3A) , were generated. These viruses expressed a pUL83TAP or pUL83GFP fusion protein from the UL83 ORF at its normal location within the viral genome. We have used both of these tags in the past to identify interacting proteins (24, 56) , and we arbitrarily chose to use viruses carrying the two different tags in this experiment. The variants as well as wild-type virus replicated (Fig. 3B and data not shown) , and incorporation of the tags did not affect the localization of the modified pUL83 (Fig. 3C and data not shown) .
To identify interacting proteins, fibroblasts were harvested at 48 hpi with BADinUL83TAP or at 72 hpi with BADinUL83GFP; and pUL83TAP-and pUL83GFP-containing protein complexes were isolated by using magnetic beads covalently coupled to rabbit IgG or GFP-specific antibody, respectively. The coisolated proteins were resolved by 1-DE, enzymatically digested, and identified by mass spectrometry. As shown in Fig. 3D , several potential pUL83-interacting proteins were identified in the experiment. Table 1 displays a complete list of the isolated proteins at the two times of infection. Although their capture with the fusion proteins suggests that they interact with pUL83, confirmation is needed to definitively identify the proteins as interacting partners. Therefore, the proteins in Table 1 must be considered potential pUL83-interacting proteins.
Several HCMV proteins were identified in the capture experiment (Table 1 and Fig. 3D ): pUL86, pUL25, pUL119, and pRL11. These proteins were identified in the samples prepared at 72 but not 48 hpi, and we confirmed the interaction of pUL25 with pUL83GFP by colocalization (Fig. 4A) and coim- (Fig. 4B) . pUL83 (7, 31) and pUL25 (90) are both virion tegument proteins, so it is not surprising that they interact. We have not yet tested the other predicted interactions of pUL83 with viral proteins. It is not clear why we did not detect these interactions at 48 as well as 72 hpi. Although UL119 is expressed with early kinetics, the others are late proteins (18), so we might have preferentially detected their interaction with pUL83 at the later time because the proteins had accumulated to higher levels at this point in the infection. Alternatively, time-dependent modification of the proteins might influence their interactions. It is also possible that the GFP tag provided greater sensitivity than the TAP tag in the experiment.
Among the prominent cell-coded proteins identified in the analysis at both times after infection were members of the HIN-200 family of proteins (hematopoietic interferon-inducible nuclear antigens with 200 amino acid repeats): IFI16, IFI16b, and IFIX. IFI16 has previously been shown to interact with double-stranded and single-stranded DNA, but with no apparent sequence specificity. The interferon-inducible protein has been shown to be involved in the regulation of p53 transcriptional activity (2, 30, 32, 44, 47, 63, 78) , and murine orthologs of IFI16 have recently been shown to regulate the innate immune response (13, 68, 69, 74) . Given the similar role of pUL83 in the regulation of the cellular interferon response during HCMV infection (1, 12), we chose to pursue this potential interaction in more detail.
Consistent with previous reports of their separate localizations (3, 4, 27) , immunofluorescent analysis revealed that IFI16 and pUL83 were colocalized within the nucleus and nucleolus in infected cells at 48 hpi following infection at a low multiplicity of infection (Fig. 5A) . Both proteins were present in both the nucleoplasm and nucleoli. We were able to confirm the interaction by coimmunoprecipitation of IFI16 with an antibody to pUL83 from extracts of cells infected with wildtype virus but not pUL83-deficient virus (Fig. 5B) . This experiment provides an important control for the specificity of the pUL83-IFI16 interaction, because it utilizes native pUL83 and therefore demonstrates that the interactions detected in BADinUL83TAP-and BADinUL83GFP-infected cells are not artifacts of the tags. Multiple IFI16 species arising from three differentially spliced mRNAs have been described (41) , and three IFI16 isoforms were detected in mock-infected and virusinfected lysates. The levels of IFI16 isoforms were not affected by infection, and all three were evident in the pUL83-specific immunoprecipitates. In a reciprocal experiment, IFI16-specific antibody, but not nonspecific IgG, coimmunoprecipitated pUL83 from infected cells (Fig. 5C ). IFI16 coprecipitated with UL83 throughout infection (Fig. 5D) . The interaction was evident at the first time tested, 6 hpi, and the amount of IFI16 associated with UL83 peaked at 48 hpi and decreased by 72 hpi. Immunofluorescent analysis provided a possible explanation for the decrease in association of the viral and cellular proteins late after infection. At 72 hpi, IFI16 remained in the nucleus (Fig. 5E ), while pUL83 was partially localized to the cytoplasm (Fig. 5F ).
These experiments identify several candidate proteins likely to interact with pUL83 in the context of viral infection and confirm the newly discovered interaction between pUL83 and three IFI16 isoforms.
pUL83 cooperates with IFI16 to activate the MIEP. We next asked if IFI16 is involved in the regulation of the MIEP by pUL83. We initially employed chromatin immunoprecipitation (ChIP) analysis to test whether the two proteins are present at the promoter. DNA sequences from the MIEP were found in pUL83-and IFI16-specific immune complexes at 6 hpi and to a lesser extent at 24 hpi (Fig. 6, left) . The proteins were not detected at the UL69 viral promoter at 6 hpi, although they were present to a limited extent at the later time (Fig. 6, middle) . Importantly, neither protein was detected at the MIEP after infection with the pUL83-deficient mutant (Fig. 6, right) , demonstrating a dependence of the IFI16 association on pUL83.
To test the functional consequence of IFI16 binding to the MIEP during the immediate-early stage of HCMV infection, we examined the growth properties of HCMV in cells lacking IFI16. Primary human fibroblasts were infected with a lentivirus vector expressing a short hairpin RNA (shRNA) specific for the IFI16 transcript or a vector containing a scrambled control shRNA. shRNA-mediated knockdown of IFI16 resulted in an approximately 80% decrease in the level of IFI16 protein (Fig. 7A) . Multistep growth analysis of wild-type virus replication in these cells revealed that knockdown of IFI16 expression caused a delay in the accumulation of infectious progeny (Fig. 7B) , which was almost identical to that observed (B) pUL83 interacts with pUL25 during infection. HFFs were mock infected or infected with wild-type virus at a multiplicity of 3 PFU/cell, and pUL25-specific immune complexes were isolated by immunoprecipitation (IP) 72 h later. Lysates were also immunoprecipitated with antibody to IE1 as a specificity control. The presence of pUL83 in pUL25-specific immune complexes was determined by Western blotting (top), and total pUL83 and pUL25 in cell lysates were monitored as controls (bottom).
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following infection with the UL83Stop virus (Fig. 1B) . As recruitment of IFI16 to the MIEP depends on the presence of pUL83 (Fig. 6) , this result suggests that the growth defect observed for wild-type HCMV in IFI16 knockdown cells is the result of decreased expression from the MIEP. When IE2 RNA expressed from the MIEP after infection with wild-type virus was examined by qRT-PCR in IFI16 knockdown cells, we observed a multiplicity-dependent defect in its accumulation at 6 hpi (Fig. 7C) . The defect in IE2 RNA accumulation mirrors that observed during infection with the UL83Stop virus (Fig.  2B ) and argues that recruitment of IFI16 to the MIEP by pUL83 is necessary for efficient transcription from the MIEP at low multiplicities of infection. As pUL83 and IFI16 have both been implicated in the interferon response, we tested the possibility that the UL83Stop   FIG. 6 . pUL83 and IFI16 were present at the MIEP, and IFI16 required pUL83 for this association. Fibroblasts were infected at a multiplicity of 3 PFU/cell with BADwt (WT) or UL83STOP virus (83S). Prior to harvesting at the indicated times after infection, cells were cross-linked with formaldehyde, and IFI16 and pUL83 immune complexes were isolated by immunoprecipitation. Immunoprecipitations carried out without a primary antibody (Ab) were included as a control. The presence of specific DNA sequences (MIEP or UL69 promoter) in the immunoprecipitates was assessed by qRT-PCR. Fibroblasts were mock infected (M) or infected with wild-type HCMV (WT) at a multiplicity of 3 PFU/cell and harvested 72 h later. pUL83-specific immune complexes were isolated by immunoprecipitation (IP), and the presence of IFI16 in those complexes was determined by Western blotting using antibodies specific to IFI16. Lysates were assayed by Western blotting for the presence of the indicated proteins as controls. (C) pUL83 coprecipitates with antibody to IFI16. IFI16-specific immune complexes were isolated by immunoprecipitation from mock-infected fibroblasts or at 72 hpi of fibroblasts with wild-type HCMV at a multiplicity of 3 PFU/cell. Immunoprecipitation was also performed with nonspecific antibody (IgG). The presence of pUL83 in precipitates was confirmed by Western blotting with a pUL83-specific antibody. Lysates were assayed by Western blotting for the presence of the indicated proteins as controls. (D) IFI16 interacts with pUL83 throughout the course of infection. Lysates of cells infected at a multiplicity of 3 PFU/cell were prepared at the indicated times and subjected to immunoprecipitation with antibody to pUL83. Lysates were assayed by Western blotting for the presence of the indicated proteins as controls. (E) IFI16 remained in the nucleus during HCMV infection. Fibroblasts were infected at a multiplicity of 0.5 PFU/cell with a derivative of wild-type HCMV expressing a GFP marker protein (green). Cells were fixed and processed for immunofluorescence using an antibody to IFI16 (red) at the indicated times after infection. Nuclei were stained with DAPI to provide context, and the white bar indicates 10 m. (F) pUL83 was initially localized to the nucleus but was also in the cytoplasm by 72 hpi. Fibroblasts were infected at a multiplicity of 0.5 PFU/cell with a derivative of wild-type HCMV expressing a GFP marker protein (green). Cells were fixed and processed for immunofluorescence using an antibody to pUL83 (red) at the indicated times after infection. Nuclei were stained with DAPI to provide context, and the white bar indicates 10 m.
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virus might be differentially susceptible to the effects of interferon treatment (Fig. 7D) . When cells infected with wild-type virus were treated with 500 U/ml type I interferon, no significant effect on viral replication was observed. Under these same conditions, the growth of the UL83Stop virus was reduced more than 50-fold. These results confirm that HCMV pUL83 is involved in preventing the antiviral action of interferon during HCMV replication.
DISCUSSION
We have identified an additional role for pUL83 at the start of HCMV infection. UL83Stop, which contains a translational termination codon in the UL83 ORF, replicates with delayed kinetics (Fig. 1B) . Accumulation of IE1 and IE2 proteins is delayed in UL83Stop-infected cells compared to the wild-type parent ( Fig. 1C and 2A) . pUL83 alone is capable of inducing expression from the promoter that controls IE1 and IE2 transcription, the MIEP (Fig. 2C) , consistent with a multiplicitydependent reduction of IE2 RNA within cells infected by the pUL83-deficient virus (Fig. 2B) . pUL83 binds specifically to the cellular IFI16 protein (Fig. 3D and 5 ) and recruits IFI16 to the MIEP (Fig. 6) . The pUL83-IFI16 interaction plays an important role in the control of transcription from the MIEP, as cells with reduced IFI16 accumulate reduced levels of IE2 RNA and produce progeny with delayed kinetics following infection with wild-type HCMV (Fig. 7) . The reduced accumulation of IE2 mirrors that seen during infection with UL83Stop ( Fig. 2B ) and supports the view that the delayed kinetics of HCMV replication in IFI16-knockdown cells is at least partly the result of a requirement for pUL83 to recruit IFI16 to the MIEP.
It is noteworthy that a UL83-deficient virus has recently been shown to infect macrophages poorly (20) . The defect was localized to a very early event in the infectious cycle, and the authors observed that the mutant failed to incorporate detectable levels of pUL69 and pUL97 into virions. This study raises the possibility that the lack of additional virion proteins at the start of infection could contribute to the multiplicity-dependent growth defect that we have observed for UL83Stop. In this regard, we have previously demonstrated that a pUL69-deficient virus displays a very early defect after infection of fibroblasts (34) .
Many herpesviruses have been shown to encode virion pro- teins that facilitate the expression of viral immediate-early genes in the absence of de novo viral protein synthesis (17, 42, 43) , so it is not surprising that HCMV encodes several such proteins, including pUL82 (also termed pp71). pUL82 is delivered by the virion to the newly infected cell together with other tegument proteins during the initial stages of infection, and it enhances expression from the MIEP (6, 11, 73) . Previously it has been shown that a deletion mutant lacking the UL83 ORF fails to incorporate pUL82 into the virion (79) , and a delay in expression of the IE1 and IE2 proteins was attributed to the absence of pUL82 at the start of infection. Here we show that a virus which lacks pUL83 in the virion but contains pUL82 (Fig. 1D) is also defective for immediate-early gene expression. Our work demonstrates that pUL83 directly contributes to active transcription from the MIEP. We present several lines of evidence in support of this conclusion: (i) IE2 transcript levels are reduced following infection with UL83Stop virus compared to wild-type virus (Fig. 2B) ; (ii) pUL83 alone induces transcription from a reporter construct controlled by the MIEP in a dose-responsive manner (Fig. 2C) ; and (iii) pUL83 is physically associated with the MIEP during the immediate-early phase of infection (Fig. 6) . Together, these results show that pUL83 regulates transcription from the MIEP in a manner distinguishable from its effects on the availability of pUL82. pUL83 might also directly influence the expression of additional viral promoters, but we have not yet tested this possibility. Enhancement of MIEP activity by pUL83 also can account for the kinetic replication defect of the UL83Stop mutant (Fig.  1B) . After an initial infection at a low input multiplicity, progeny spread to neighboring cells. However, cells infected in the second and subsequent waves of spread receive higher doses of virus than those that occurred in the initial round of infection, allowing UL83Stop to more efficiently express immediate-early proteins. Therefore, as the infection spreads, the replication defect is ameliorated. While pUL82 clearly plays an important role activating the viral transcriptional program, pUL83 independently contributes to transcription of immediate-early genes by acting directly at the MIEP.
The pUL83 interaction partner, IFI16, is a member of the p200 family of proteins (84) that was originally identified in a screen for proteins whose expression was increased by interferon (84) . Since that time, it has been recognized that IFI16 acts as a modulator of transcription during cell stress (9, 21, 22, 63) . Indeed, its role in the regulation of both the DNA damage response and the innate immune response indicates that IFI16 is an important regulator of stress responses in general. Murine homologs of IFI16 have recently been shown to bind DNA in response to interferon treatment, consistent with the ability of IFI16 to modulate transcription during cell stress. Its role as a transcription modulator is consistent with the presence of IFI16 together with pUL83 at the HCMV MIEP (Fig. 6 ). pUL83 must be present in order for IFI16 to reside at the MIEP (Fig. 6 ), but we do not know if either protein directly contacts viral DNA or whether their association with the MIEP is bridged by other viral or cellular proteins.
IFI16 from extracts of uninfected HeLa cells has previously been found to bind to the HCMV UL54 promoter (53) , and IFI16 inhibits activity of this viral promoter in a reporter assay performed with uninfected cells (40) . We have not yet tested how IFI16 might influence activity of this early promoter within infected cells in which pUL83 is present.
A p200 protein has previously been shown to play an important role during murine cytomegalovirus (MCMV) infection (35, 70) . Replication of MCMV is decreased in cells containing a dominant negative form of the murine p200 family member p204. The replication defect was found to include delayed immediate-early gene expression (35) , suggesting that regulation of viral immediate-early genes by p200 family members is a conserved feature of cytomegalovirus infection. Given the role of p200 family members in regulating the cellular stress response, it seems likely that viruses must subvert the function of these innate immune sensors to successfully circumvent host cell defenses, and it is possible that additional p200 family members are targeted by HCMV proteins.
IFI16 may affect transcription by modulating the NF-B pathway (14, 76) . Loss of IFI16 expression resulted in decreased levels of NF-B DNA binding activity in response to tumor necrosis alpha (TNF-␣) treatment (76) . In addition, overexpression of IFI16 resulted in decreased expression of the NF-B regulatory protein IB␣, independent of IB kinase (IKK) activation (14) . NF-B activity is induced by HCMV infection (15, 19, 28, 29, 61, 67, 87) , and infection with a pUL83-deficient virus results in enhanced NF-B activity, as evidenced by increased nuclear localization of NF-B subunits and increased NF-B DNA binding activity (12) . Given the ability of both pUL83 and IFI16 to modulate NF-B activity, it is tempting to speculate that the regulation of NF-B activity during HCMV infection results from the interaction of pUL83 with IFI16. The HCMV MIEP contains four NF-B sites (77) , which have been shown to stimulate the MIEP under some conditions (reference 77 and references therein). Thus, the pUL83-IFI16 complex at the MIEP might act to stimulate transcription through NF-B.
In addition to the ability of pUL83 to activate the HCMV MIEP described here, pUL83 inhibits the ability of infected cells to respond to interferon and limits the expression of cellular inflammatory genes during the immediate-early phase of HCMV infection (1, 12) (Fig. 7D) . How does pUL83 simultaneously antagonize expression of inflammatory genes and activate the MIEP? The promoters of inflammatory genes generally include NF-B binding elements (36) , as does the MIEP (77) . Possibly, then, pUL83 redirects IFI16 from NF-B at inflammatory genes to the MIEP, or it could modify the activity of IFI16 so that it stimulates NF-B activity in the context of the MIEP but blocks activity at inflammatory genes. Uncharacterized pUL83 interactions might also contribute to the two seemingly contradictory effects. Whatever the mechanism, pUL83 might hijack a cellular innate protective response, NF-B activation, simultaneously inducing the expression of HCMV immediate-early proteins and blocking the expression of cellular inflammatory genes.
In summary, we provide multiple lines of evidence supporting the conclusion that the HCMV pUL83 protein enhances transcription from the MIEP during HCMV infection and that this regulation requires the cellular IFI16 protein.
